An improved technique for the fabrication of uniform output couplers for far-infrared lasers has been developed. The technique includes a process for uniformly removing material from the back side of the coupler's substrate to tune the coupler's ref lectivity precisely to the specified value for a particular laser line. Depending on the condition of the coupler after use, it can be retuned to another laser line, which lies within the coupler's ref lectance envelope. Furthermore, when there is the possibility of lasing at two different laser wavelengths (as happens with some far-infrared lasers), it is possible to optimize the coupler for one wavelength while at the same time detuning the other wavelength. The fabrication and optimization of these devices are discussed. © 2000 Optical Society of America OCIS codes: 140.3070, 140.4130, 220.4000, 300.6170.
The output coupler is one of the critical components of a CO 2 -pumped, far-infrared (FIR) molecular gas laser. The coupler controls the amount of FIR radiation that is ref lected back into the laser cavity while allowing a certain percentage of FIR radiation to be transmitted. The most common types of FIR coupler are the hole coupler and the uniform coupler. As the name implies, the hole coupler consists of a metallized-front-surface mirror with a hole that allows a percentage of the FIR radiation in the laser cavity to escape. Hole couplers have the advantage of being relatively inexpensive to manufacture and can be used for a wide range of laser lines. Disadvantages include larger sidelobes in the laser prof ile owing to hole diffraction and inability to control the polarization of the transmitted radiation. A uniform output couplers, 1 -3 on the other hand, uses its entire surface to control the percentage of transmitted radiation, and, depending on the coupler pattern used, the polarization can be controlled. A typical uniform output coupler consists of a transparent substrate coated with a dielectric stack (DS) for high ref lectivity at the CO 2 pump-laser wavelength, to which a metallic strip or a mesh pattern is applied. The use of uniform couplers has gained popularity because it permits higher laser output power and improved Gaussian beam prof iles. The coupler discussed in this Letter was fabricated with an ഠ38-mm-diameter, high-resistivity silicon wafer that was polished into a plane-parallel etalon approximately 1.8 mm thick. The coupler was designed for use in a FIR laser operating at the 1.563-THz dif luoromethane line. Before application of the gold-strip pattern, a DS designed for high ref lectivity at the CO 2 pump laser wavelength ͑l ഠ 9.6 mm͒ was deposited onto the polished wafer (Fig. 2) . The gold-strip pattern was subsequently applied to this substrate by use of a photolithography process similar to those found in the literature. 5, 6 Our stripfabrication procedure began with thorough cleaning of the substrate with solvents, followed by a 105 ± C dehydration bake for 15 min to remove any water. To ensure proper photoresist adhesion we primed the substrate for 2 min in hexamethyldisilizane vapor. A thin film ͑ϳ1 mm͒ of Clariant AZ 5214-E IR negative photoresist was spun onto the substrate at 4000 rpm and baked for 30 min at 90 ± C. We imprinted a strip pattern in the photoresist by covering the substrate with a chromium-strip photomask and exposing it for 15 s under a standard mercury arc lamp ͑ഠ500 W͒. To promote sharp development of the strip features, we baked the substrate for 7 min at 105 ± C in a convection oven, followed by f lood exposure under the mercury arc lamp for 2 min. To complete the photolithography we developed the substrate in Shipley MF-319 developer for 1 min. Once the substrate was thoroughly rinsed and dried, it was placed in an electron-beam evaporator, and approximately 100 nm of gold was deposited onto its surface. By use of an ultrasonic acetone bath, the excess gold was lifted off and the photoresist was dissolved, leaving only the gold-strip pattern.
The ref lectance behavior of the f inished coupler was determined with a Bruker IFS 66v interferometer equipped with a 23-mm-thick Mylar beam splitter, a liquid-helium-cooled silicon bolometer detector, and a Hg arc lamp that was vertically polarized with a wire-grid polarizer. The coupler's strips were aligned parallel to the vertically polarized radiation. To simplify the measurement procedure we acquired transmittance data and calculated the ref lectance spectrum, using R ഠ 1 2 T expt . The experimental uncertainty of the transmittance data is 61%. We have observed that during the fabrication procedure the ref lectance spectrum shifts unpredictably in frequency, making it diff icult to design a coupler that has a specific FIR ref lectivity at a certain frequency.
Using the above-mentioned technique, one can adjust the coupler's ref lectance to the desired value at a certain frequency by backthinning the coupler's silicon substrate with a chemical wet etch consisting of nitric, acetic, and hydrof luoric acids. Before the coupler was thinned with the acid mixture, a layer of Clariant AZ P4620 photoresist was applied to the gold-strip side of the coupler as a protective layer. This photoresist was applied at 1500 rpm for 60 s and baked for 45 min at 105 ± C; this slow spin speed was required so that a suff iciently thick layer would be formed. The coupler was secured to the thinning apparatus (Fig. 3) and etched for a short period of time by use of a rotation rate of 45 rpm. The data show that our acid mixture removes silicon at a rate of approximately 2 mm͞min. After thinning, the mounted coupler and f ixture were immediately rinsed in deionized water for 2 min to remove any residual acid. We removed the coupler from the thinning apparatus and rinsed it with acetone to remove the protective photoresist layer. Finally, the coupler was remeasured in the interferometer, and the new ref lectance spectrum was acquired.
The results from a single coupler, which was repeatedly thinned and characterized, are shown in Fig. 4 . The coupler's initial ref lectance spectrum and the spectra after three thinning sessions are shown. These four ref lectance spectra was acquired at a resolution of ഠ3.3 GHz, the limit of our interferometer. Three of the spectra are marked by their thinning durations (6, 4.5, and 3 min), and a dashed -dotted line marks the 1.563-THz laser line. This thinning technique produces several benefits. If the ref lectivity of the coupler at a certain FIR laser line is not optimal, we can thin the coupler to change the ref lectivity accordingly. The thinning process can also be repeated many times because only a few micrometers of silicon are removed from the back of the coupler during each session. Assuming that the combined thickness of the DS ͑ϳ1 mm͒ and the gold-strip pattern ͑0.08 0.1 mm͒ is negligible compared with the thickness of the silicon ͑ഠ1.8 mm͒, a 3-min thinning reduces the overall thickness of the coupler less than 0.2%. Therefore the coupler can be retuned to another ref lectivity as often as needed without reducing the coupler thickness greatly. In addition, our repeated thinnings did not damage the coupler's strip pattern.
In summary, uniform FIR strip output couplers have been fabricated by use of a gold-strip pattern applied to a coated, high-resistivity silicon etalon. The ref lectivities of these couplers were successfully tuned and retuned with a chemical wet-etch technique. It should also be possible to optimize a coupler's FIR ref lectance at a particular laser line while at the same time detuning another laser line. This is beneficial for some FIR lasers, which frequently encounter two competing laser lines. The ability to retune a coupler's ref lectivity eliminates the need for keeping a large stock of specifically tuned couplers on hand for all operating FIR lines.
